formed by KIF3, we generated KIF3B knockout mice. The kif3B Ϫ/Ϫ mice did not survive beyond midgestation, University of Tokyo 7-3-1 Hongo, Tokyo, 113-0033 and the embryos exhibited apparent morphological abnormalities including randomized left-right (L-R) asymJapan metry, pericardial sac ballooning, growth retardation, neural tube closure defect, and neural tube staggering. Among these phenotypes, we focused on the randomSummary ization of L-R asymmetry. The L-R asymmetry first becomes anatomically apMicrotubule-dependent motor, murine KIF3B, was disparent in the orientation of the heart tube looping (Kaufrupted by gene targeting. The null mutants did not man, 1992), but it is already detectable at the somitogensurvive beyond midgestation, exhibiting growth retaresis stage by asymmetric expression of several genes, dation, pericardial sac ballooning, and neural tube dissuch as lefty-1, lefty-2, nodal, and Pitx2, with expression organization. Prominently, the left-right asymmetry being observed in the left side in most cases (reviewed was randomized in the heart loop and the direction in Harvey, 1998). Ex utero culture experiments of rat of embryonic turning. lefty-2 expression was either embryos showed that the determination of L-R asymmebilateral or absent. Furthermore, the node lacked try occurs during the early neural plate stage (Brown et monocilia while the basal bodies were present. Immu-
. In this study we found that KIF3B-deficient mice bules (Goldstein, 1993; Hirokawa, 1993 Hirokawa, , 1996 Hirokawa, , 1998 Bloom and Endow, 1995) . Among these KIFs, murine KIF3A lacked nodal cilia where KIF3B is localized in wild-type embryos and also exhibited a randomized L-R asymmeand KIF3B, together with an associated protein, KAP3, form a heterotrimer named the KIF3 complex. These kif3 try. Further, using video microscopy we clearly demonstrated that wild-type nodal cilia are motile and generate genes are expressed abundantly in neurons, and their expression is also detected in other tissues. In nerve a leftward flow of extraembryonic fluid in the nodal area. These data suggest that this leftward flow of extraemtissue, we have previously reported that the KIF3 complex works as a microtubule plus end-directed motor for bryonic fluid at the node, "the nodal flow," is one of the earliest events of the mammalian L-R determination the transport of a certain class of membrane organelles distinct from the synaptic vesicle precursors (Aizawa et process. al., 1992; Kondo et al., 1994; Yamazaki et al., 1995 Yamazaki et al., , 1996 . In other organisms, KIFs closely related to KIF3, such Results as sea urchin kinesin II (Scholey, 1996) Disruption of KIF3B in these strains was confirmed amined lefty-2 expression by whole-mount in situ hybridization. lefty-2 is one of the earliest left-defining by immunoblotting with a polyclonal antibody against KIF3B (Yamazaki et al., 1995). The crude extracts of genes expressed only in the left lateral plate mesoderm (LPM) at a-few-somite stage (Meno et al., 1996, 1997). kif3B Ϫ/Ϫ embryos at 9.5 dpc gave no specific stainings ( Figure 1C) . Accordingly, we detected left-specific expression of lefty-2 in most wild-type embryos (10/12; Figure 3A ). In the remaining two embryos no signal was detected, kif3B Ϫ/Ϫ Embryos Exhibited Randomized Left-Right which may have been due to a technical failure. On the Asymmetry and Midgestation Lethality other hand, lefty-2 expression in kif3B Ϫ/Ϫ embryos was with Multiple Malformations either bilateral (4/10; Figure 3B ) or absent (6/10; data not kif3B ϩ/Ϫ mice were healthy and fertile without any apparshown). These data suggest that KIF3B acts at an earlier ent abnormality. Intercrosses between these heterozystep than lefty-2 in the L-R determination pathway. gotes did not result in homozygous pups. Then we examined the embryonic development.
The kif3B Ϫ/Ϫ embryos were present at nearly the ex-KIF3B Is Essential for Ciliogenesis pected frequency (25.6%) at 9.5 dpc, but they were of the Nodal Cells never found at 12.5 dpc. The null mutants at 9.5 dpc were
The influence of KIF3B disruption on ciliogenesis was smaller than the controls and had not started embryonic examined at the node in 7.5 dpc embryos. Scanning turning in most cases (Figures 2A and 2B) . Ballooning electron microscopy of the nodal region revealed that of the pericardial sac was observed, indicating cardioa short single cilium emanates from each nodal cell in vascular defects. As for the L-R asymmetry, 16 out of the wild-type embryos ( Figures 4A and 4C ). These cilia 46 homozygotes showed reversed heart L loops (Figures were completely absent in nodes of mutant embryos at 2C and 2D), while the rest had normal D loops. Likewise, this stage ( Figures 4B and 4D ), which did not present any the null mutants that started the embryonic turning other apparent morphological defects (data not shown). curled their tails to either the left or right side of their Further analysis with transmission electron microscopy bodies, while the controls curled uniformly to the right showed that only the basal bodies were present in the side (data not shown). In null mutants, neural tube formamutant nodal cells ( Figures 4G and 4H ). tion was severely disorganized at more advanced stages.
In order to examine the direct commitment of KIF3B in The rostral neural tube of kif3B Ϫ/Ϫ embryos was not the ciliogenesis, we immunostained the wild-type nodal closed and showed exencephaly ( Figure 2F ) at 11.5 dpc. cells against KIF3B for observation at both light and In more caudal regions, their developing spinal cords electron microscopy levels. We detected dotty KIF3B were abnormally staggered ( Figure 2H ). These phenostaining in all the observed cilia ( Figures 5A and 5C ), types suggest a relative overproliferation of the neuroecwhich were identified by counterstaining against ␣-tubutoderm.
lin ( Figures 5B and 5C ). The significance of these results was confirmed by a negative control experiment, where normal rabbit IgG in place of the anti-KIF3B antibody lefty-2 Expression Was Affected in kif3B Ϫ/Ϫ Embryos gave no signal in the cilia under the same staining conditions ( Figure 5D ). The electron microscopic analysis usIn this study, we demonstrate that KIF3B is essential for the determination of the L-R asymmetry in mouse ing the avidin-biotin-peroxidase complex (ABC) method also detected significant localization of KIF3B in the appeared vortical. We then added small fluorescent latex beads to the embryo culture medium to visualize cilium compared with the negative control experiments the flow of extraembryonic fluid caused by these cilia. using normal rabbit IgG (Figures 5E and 5F).
Interestingly, the beads moved leftward across the node ( Figure 6A ). Some of the beads spun counterclockwise Nodal Cilia Rotate to Produce a Constant when they came close to the rotating cilia ( Figure 6B ).
Leftward Flow
These movies can be found on the Cell web site (http:// In order to assess whether the nodal cilia are really www.cell.com/cgi/content/full/95/6/829/DC1). These functional, we observed their motility by video microsmovements seemed restricted only to the node, as we copy. They were certainly motile, and the beating pattern could not detect any directional movements of the beads in the periphery of the node (data not shown).
To confirm the critical importance of the cilia for the leftward flow, we quantified the bead movements in the nodes of wild-type and kif3B Ϫ/Ϫ embryos. Quantification was performed by plotting all the visible beads within a certain time period. Almost all of the observed beads (28/29; Figure 6C ) migrated leftward in the wild-type node, whereas in the mutants the movement of beads resembled Brownian motion. The beads did not move a significant distance compared with those in the wild type, and the direction of the movement, if it was detected, was random (29; Figure 6D ). 
Discussion

KIF3B Is Involved in an Early
Step The motility of the nodal cilia will lead to a novel explaand sperm flagella (Handel and Kennedy, 1984) . Another conflict is that their lefty-2 expression pattern was differnation of the lrd function responsible for the iv mutation. Since lrd is a putative axonemal outer arm ␤-dynein ent from those of kif3B Ϫ/Ϫ and hnf3␤ Ϫ/Ϫ , as mentioned above. These conflicts might be explained by future heavy chain gene (Supp et al., 1997) and immotile cilia syndromes in mammalian species often accompany the research into the functional redundancy and divergence of axonemal dyneins. According to studies on Chlamyrandomization of the body situs (Afzelius, 1995), it would be more likely to suppose that lrd contributes to the domonas, axonemes lacking an outer arm dynein remain motile by the use of other dynein isoforms, and in such motility of the nodal cilia than the cytoplasmic organelle transport. An apparent conflict with this view is that iv cells an altered beating pattern is observed (reviewed in Kamiya, 1995). Thus, it is possible that the iv/iv nodal mutation does not affect the motility of tracheal cilia cilia are motile but unable to produce directional flow. In addition, our previous phylogenetic study suggests that mammalian species have two putative axonemal outer arm ␤-dynein heavy chain genes (Tanaka et al., 1995). Therefore, it is possible that only the movement of the secondary cilia, whose movement and structure are considerably different from those of the primary cilia, is rescued by the other outer arm ␤-dynein.
The Nodal Cilia Generate a Leftward Flow of Extraembryonic Fluid
We clearly demonstrated a leftward flow of extraembryonic fluid in the node. This is the earliest L-R asymmetry discovered so far in mouse development. We have named it the nodal flow.
The nodal flow is not thought to be an experimental artifact for the following reasons. First, the extent of the nodal flow was restricted to the node, which is unlikely to be caused by a fluid leakage from the chambers. Second, it continued throughout the observation period of over 20 min. Third, the direction of the flow was de- at 4ЊC overnight, and subsequently the following second antibodies were microinjected into blastocysts of C57BL/6N mice following the that were preabsorbed with embryonic powder, 1/100 diluted Cy2-standard protocol (Bradley, 1987) to raise three independent mutant conjugated goat anti-rabbit Ig (Amersham) and 1/100 diluted Cy3-strains. They were maintained by backcrossing to C57BL/6J mice conjugated anti-mouse Ig (Amersham), with brief washing steps. in a specific pathogen-free environment.
They were observed with a confocal laser microscope MRC1000 (Bio Rad).
PCR Genotyping
For immunoelectron microscopy, we applied a kit for avidin-bioThe mice were genotyped by PCR using tail DNA as the template, tin-peroxidase complex method (ABC-PO Kit, Vector Laboratory synthetic primer pairs 5Ј-AGAACCTTAGCATCCTGAGCCATTTTG-3Ј Inc.) according to manufacturer procedure. Briefly, embryos were and 5Ј-AGTGGTCGGAACGTCTCATCATAGAGC-3Ј for the wild-type fixed with 3% paraformaldehyde/0.1% glutaraldehyde/10 g/ml allele, and 5Ј-TGGGCACAACAGACAATCGG-3Ј and 5Ј-ACTTCGCC taxol/0.1 M phosphate buffer (pH 7.3) at 4ЊC overnight, quenched, CAATAGCAGCCAG-3Ј for the knockout allele. DNA extraction and cryoprotected, and sectioned to 10 m thick with a Leica CM3000 PCR conditions were described previously (Tanaka et al., 1998).
cryomicrotome. The cryosections were permeabilized with 0.1% Triton X-100 at RT for 30 min, quenched with 0.1 M L-lysine in PBS Immunoblotting at RT for 30 min, treated with 0.3% H 2 O 2 /PBS at RT for 1 hr, blocked Dissected embryos at 9.5 dpc were homogenized with a Dounce with the blocking solution of the kit at RT for 1 hr, and incubated homogenizer in cold PBS-containing protease inhibitors and centriwith 1.6 g/ml of the above anti-KIF3B antibody or the normal rabbit fuged briefly at 15,000 rpm to remove insoluble debris. Six microIgG at 4ЊC overnight and then with the provided solutions of the grams of the total soluble proteins was separated by SDS-PAGE kit. After the enzyme reaction, the specimens were postfixed, bloc (Laemmli, 1970) , then transferred onto a polyvinylidene fluoride stained, embedded in Quetol-812 (Nisshin EM), ultrathin sectioned membrane (Immobilon-P, Millipore) by a semidry method. The memto 100 nm thick and observed by electron microscopy without elecbrane was incubated with 3.3 g/ml of an anti-KIF3B antiserum tron staining. 
